Abstract. The uptake of anthropogenic CO 2 by the oceans has led to a rise in the oceanic partial pressure of CO 2 , and to a decrease in pH and carbonate ion concentration. This modification of the marine carbonate system is referred to as ocean acidification. Numerous papers report the effects of ocean acidification on marine organisms and communities but few have provided details concerning full carbonate chemistry and complementary observations. Additionally, carbonate system variables are often reported in different units, calculated using different sets of dissociation constants and on different pH scales. Hence the direct comparison of experimental results has been problematic and often misleading. The need was identified to
Introduction
In 2008 fossil fuel use, cement production and changes in land use together have emitted ∼8.7 Pg C to the atmosphere. About half remains in the atmosphere, while the rest is removed in roughly equal parts by ocean and land vegetation (Le Quéré et al., 2009 ). The world ocean absorbs anthropogenic carbon dioxide (CO 2 ) at a rate of approximately 24 million tons per day. The uptake of anthropogenic CO 2 by the oceans leads to a rise in the oceanic partial pressure of carbon dioxide (pCO 2 ), a decrease in pH, and a reduction in carbonate ion concentration (Orr et al., 2005) . These changes result in a drop of calcium carbonate saturation state, making seawater less favourable to precipitation of calcareous shells and skeletons and more favourable to their dissolution (Gattuso et al., 1999) . The future rate of change is unprecedented in the past 65 Myr (Ridgwell and Schmidt, 2010) . The impacts of ocean acidification on the structure and functioning of marine ecosystems, including their services to our society, is the focus of several international research initiatives such as the European Network of Excellence for Ocean Ecosystems Analysis (EUR-OCEANS), the European Project on OCean Acidification (EPOCA) and a number of national initiatives.
Numerous studies addressed the effects of ocean acidification on organisms and communities (e.g., Gattuso et al., 1999; Riebesell et al., 2000; Delille et al., 2005; Orr et al., 2005) , however, the resulting carbonate chemistry and other essential ancillary data are sometimes split in several publications and/or part of the data remains unpublished. Additionally, variables of the carbonate system are reported on different pH scales (N.B.S./N.I.S.T., total, free, or sea water; Dickson, 2010) , using different sets of equilibrium constants, which make data comparison difficult. The main goals of the EPOCA/EUR-OCEANS data rescue and transformation project are to (1) obtain data from papers already published and archive them as supplementary data sets at PANGAEA -the Publishing Network for Geoscientific & Environmental Data, giving full credit to the original authors, (2) compute a consistent set of carbonate chemistry variables, and (3) safeguard the consolidated data set at PANGAEA, thus ensuring open access to this unique data.
Data on seawater carbonate chemistry and biological processes from experiments and observations from the world ocean were compiled. The project was initiated by EUR-OCEANS in January 2008, with the aim to gather data on the effects of ocean acidification on marine organisms and EPOCA took over in August 2008. This is an on-going effort that will be continued at least during the lifetime of EPOCA (until May 2012).
Data provenance and collection of relevant papers
A literature search was conducted and data from selected papers were obtained directly from the authors as numerical Step 1. CO2SYS pH (other scale) and A T
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files or, alternatively, data were extracted from tables in the original paper. Papers were selected with the following criteria: (1) only data measured under pCO 2 or pH levels that are relevant to past or for future scenarios (i.e. pCO 2 values ranging from about 100 to 1700 µatm and pH T values of 7.5 to 8.5) were considered. (2) salinity and temperature, at least two variables of the carbonate system were needed (Table 1). Once papers were identified, requests for data were sent to the corresponding authors. When there was no reply after three months, a reminder was sent, and another reminder was sent if there was still no reply after 6 months. If after 9 months from the first request there was still no reply, the data were considered unavailable. A total of 185 papers were identified in the literature search but 50 did not meet the criteria mentioned above. Of the remaining 136 papers, the authors provided data from 100 papers, 23 did not reply, and 13 were unfortunately unable to locate the data (Fig. 1) . In some cases, papers shared data from multidisciplinary studies, for example six papers included data from the 2001 Pelagic Ecosystem CO 2 Enrichment Study (PeECE I). In such cases, data from the related papers were combined into a single data set, which explains why out of 100 papers, there are 81 data sets archived. The data collected were from laboratory and mesocosm experiments, as well as field measurements (Fig. 2) . Laboratory experiments included the seawater pCO 2 or pH perturbation experiments conducted in different laboratories. It is the category, which comprises most papers (58). Mesocosm experiments (26 papers) included three large PeECE projects that were carried out near Bergen (Norway) in 2001, 2003 and 2005 , together comprising 23 publications. The database also includes data sets from three publications on mesocosm experiments performed in Hawaii and South Korea. The category "field measurements" comprises all data sets reporting natural seawater carbonate chemistry measurements and relevant biological and biogeochemical processes (16 publications).
Geographical coverage
The geographical coverage of the studied organisms from the EPOCA/EUR-OCEANS data rescue and transformation project on the impacts of ocean acidification data includes all the world oceans except the Southern Ocean. The investigated organisms were living or collected in these locations, including the phytoplankton and bacteria cultured in laboratories after isolation for several years. In recent years there has been some discussion as to whether phytoplankton and bacteria strains collected several years ago, hundreds of generations later may not be genetically identical to the natural populations.
The areas investigated are divided into two groups. The first group (shown in black in Fig. 3 ) includes studies of organisms in their natural habitat, organisms that were collected shortly before the experiment and corals that have been maintained in aquaria for several years but are genetically identical to their field counterparts. The second group (shown in red in Fig. 3 ) comprises phytoplankton and bacteria species that have been collected several years ago but they have gone through hundreds of generations.
Most of the natural community studies were conducted in the Northeast Atlantic (34%), including two studies above 78
• N. About 10% of the studies were performed in the central Western Pacific, 9%, Northwest Pacific and 8% in the central Eastern Pacific. Even though the Mediterranean and Black Sea area represents a relatively small surface area of the world ocean (0.8%) it has contributed to a relatively large percentage of the papers archived in the present data compilation (8%). Studies from the Western Indian Ocean area make up about 5% of the publications comprised in the database. Studies from the Central Western Atlantic and Eastern Indian Ocean only represent 5% and 3% of the papers.
The largest amount of studies was performed with phytoplankton and bacteria species collected from the Northeast Atlantic (11% of the papers). Only 2% of the papers on ocean acidification have been written about studies conducted on organisms collected from the Southeast Atlantic Ocean. The Mediterranean and Black sea area and the central Western Pacific area both represent 1% of the papers (Fig. 3) .
In general the Southern Hemisphere and higher latitudes are relatively poorly represented in the EPOCA/EUR-OCEANS data rescue and transformation compilation. The geographical coverage of ocean acidification impact studies is similar to that of coastal biogeochemistry studies . Moreover, there is no direct relationship with the research intensity and the systems vulnerability. Model results suggest that the surface waters of the polar oceans will be the first to become undersaturated with respect to aragonite. This may already occur in 2050 in the Southern Ocean (Orr et al., 2005; McNeil and Matear, 2007) and as early as 2016 in the Arctic Ocean (Steinacher et al., 2009) . However there are very few studies performed in these areas. This raises great concern if research efforts are well distributed with respect to the vulnerability of ecosystems.
Harmonising the carbonate chemistry data
In order to harmonise data the R package seacarb (Lavigne and Gattuso, 2010) was used to compute a complete and consistent set of carbonate system variables ( Table 2) . Original data of temperature, salinity, pressure, any pair of carbonate system variables (Table 1) and, if available, the concentrations of silicate and phosphate were used. When the original values were expressed in mol l −1 , they were converted to mol kg −1 by dividing by density calculated from salinity and temperature as indicated in Dickson et al. (2007) . pH, can be measured using different scales, these include the total hydrogen ion, seawater, free and N.B.S./N.I.S.T. (National Bureau of Standards, currently National Institute of Standards and Technology) scales. When pH was reported on a scale other the than total scale, the dissolved inorganic carbon (C T ) and total alkalinity (A T ) were first calculated with CO2SYS (Lewis and Wallace, 1998) and subsequently used in seacarb (which does not handle the N.B.S. scale) to estimate pH on the total scale as well as the other carbonate system variables. The pair of carbonate system variables that was used for computations in seacarb and was CO2SYS is identified by a flag (Table 1) . For the sake of traceability, that flag was archived in the data sets as a separate variable called "Carbonate System Computation flag" or "CSC flag". The dissociation constants used for calculations with seacarb are from Lueker et al. (2000) for carbonic acid (K 1 and K 2 ), Perez and Fraga (1987) for hydrogen fluoride and those recommended by Dickson et al. (2007) for all other constants. . pCO 2 and Ω a for four combinations of salinity (S ) and temperature (T ) and using different formulations for the dissociation constants of carbonic acid, hydrogen fluoride and hydrogen sulphate (see Table 3 ). Calculations were performed with seacarb using constant values of total alkalinity (2300 × 10 −6 mol kg −1 ) and total carbon (2100 × 10 −6 mol kg −1 ) and with concentrations of total phosphate and total silicate of 0 × 10 −6 mol kg −1 .
The dissociation constants are valid for restricted range of salinity (S ) and temperature (T ). Dickson et al. (2007) recommend the formulations of Lueker et al. (2000) for carbonic acid (K 1 and K 2 ; S =19-43, T =2-35
• C), Perez and Fraga (1987) for hydrogen fluoride (K f ; S =10-40, T =9-33 • C) and Dickson (1990) for hydrogen sulphate (K s ; S =5-45, T =0-45
• C). Although most of the data sets compiled have salinity and temperature values within the ranges for Table 3 . Formulations used for the dissociation constants of carbonic acid (K 1 and K 2 ), hydrogen fluoride (K f ) and hydrogen sulfate (K s ) in the 6 cases shown in Fig. 4 . The ranges of salinity and temperature for which these formulations are valid are given in brackets. • C. The difference in seawater carbonate chemistry obtained with various formulations was investigated using a C T of 2100 × 10 −6 mol kg −1 and A T of 2300 × 10 −6 mol kg −1 , and values for salinity and temperature inside and outside the ranges above (S of 10 and 30; T of 0 and 20
• C). These four conditions were used to calculate the seawater carbonate chemistry with seacarb using the formulations recommended by Dickson et al. (2007) as well as formulations valid for ranges of S and T that include the lower values of S =10 and T =0
• C. The later formulations are those of Roy et al. (1993 ), Millero et al. (2006 and Millero et al. (2010) for carbonic acid, Dickson and Riley (1979) for hydrogen fluoride and Khoo et al. (1977) for hydrogen sulfate (see Table 3 for the actual ranges of S and T for which these formulations are valid). In general, the values of pCO 2 and aragonite saturation state (Ω a ) do not change significantly as a function of the different formulations used (Fig. 4) . The largest difference was found at the higher levels of salinity and temperature (S =30 and T =20
• C) with K 1 and K 2 from Roy et al. (1993) with which pCO 2 was 35 to 42 µatm higher than with the others formulations. The other significant difference was found for S =10 and T =0
• C where pCO 2 was lower by 8 µatm with the formulation of Roy et al. (1993) than with the other ones. In conclusion, the various formulations, except that of Roy et al. (1993) for K 1 and K 2 , result in differences in parameters of the carbonate chemistry that are small in the context of perturbation experiments, even when salinity and temperature are outside the range of applicability. Therefore, the formulations of Lueker et al. (2000) for carbonic acid, Perez and Fraga (1987) for hydrogen fluoride and Dickson (1990) for hydrogen sulfate were used for all data sets collected in the EPOCA/EUR-OCEANS data compilation. Each value was archived at PANGAEA (http://www. pangaea.de) with its corresponding metadata, including citation, sampling and analysis methods, variable description and units. Once the data were imported in the database, the data providers were requested to quality control their data. All EPOCA/EUR-OCEANS data rescue and transformation project data sets are publicly available.
Taxonomic coverage
Studies were mostly carried out on phytoplankton (39 papers published, including 33 on the coccolithophore Emiliania huxleyi), scleractinian corals (29 papers), bacteria (25) and zooplankton (16). Few studies were performed on molluscs, macroalgae, viruses, crustaceans, fish and echinoderms (Fig. 5) . 
Measured parameters
All data sets include all of the carbonate system variables ( Table 2 ), but the original measurements were made on different sets of variables. The carbonate system variable most measured is total alkalinity (A T ) that is reported in about 85% of the papers (Fig. 6 ). The second most measured variable is dissolved inorganic carbon (C T ; 45%). In 36% of the papers, pH is reported on the N.B.S./N.I.S.T. scale. Out of all publications, 15% included pCO 2 as one of the original variables, and 5% had measured pH on the free and seawater scale (Fig. 6) . The relatively large number of papers that reported pH on the N.B.S./N.I.S.T. scale could be surprising. However, it is only recently that the ocean acidification community has been made aware that this scale should not be used to measure the difference in the concentration constants of the calculation of the hydrogen ion (Dickson, 1993) . Only 10% of the papers included in the database reported pH on the total scale (Fig. 6) , the scale that is currently recommended (Dickson et al., 2007; Dickson, 2010) for seawater. In physiological studies the carbonate system is typically calculated from measurement of pH NBS (calibrated in dilute N.B.S./N.I.S.T. buffers) and a single point titration of alkalinity (A T ). This approach has been widespread appeal because it is simple, inexpensive, and requires very low sample volumes. However, its continued application ignores advances in analytical and theoretical oceanic CO 2 chemistry that suggest fundamental flaws in the assumption pH NBS = −log[H + ] as a consequence of the high ionic strength of seawater and liquid residual junction errors in the electrode (Crawford and Harrison, 1997) .
The biological process most measured was calcification (31% of the papers; Fig. 7 ). Other variables that can potentially be affected by ocean acidification and are often measured include primary production (13%), growth rate (11%), respiration (8%), photosynthesis (8%), survival (4%) and reproductive processes (3%). Primary production here comprises several production variables such as net production rate, community production and net carbon production as well as the production of particulate organic carbon, inorganic carbon, nitrogen and phosphorus. The database also comprises 23% other biological variables that were included in single papers. This category comprises variables such as shell length, width and linear extension of molluscs, bleaching, invasion, orientation, different blood cell concentration, concentration in the tissues of organisms, rate of nitrogen fixation. About 81% of the compiled papers have only manipulated the carbonate chemistry (Fig. 8) . Few publications have reported the combined effects of changed carbonate chemistry and light (10%). Some studies have also manipulated temperature (6% of papers) and nutrients (3%) together with carbonate chemistry.
Data access
The EPOCA/EUR-OCEANS data rescue and transformation on the impact of ocean acidification is available freely and with no restrictions in the PANGAEA data library at http: //doi.pangaea.de/10.1594/PANGAEA.735138.
Recommendations
During the compilation of the EPOCA/EUR-OCEANS data rescue and transformation several obstacles were met. While conducting ocean acidification experiments at least two carbonate system parameters should be measured along with salinity and, temperature. Furthermore recent studies have shown that synergistic stressors such as ocean acidification and hypoxia narrow thermal windows according to speciesspecific sensitivities, modulating bio-geographies, coexistence ranges, and other interactions (Pörtner and Farrell, 2008) . The oxygen concentration is therefore an interesting parameter to report alongside temperature and carbonate chemistry. To streamline future archiving, it is recommended that all data and metadata should be provided with a high level of detail (including the scale on which pH measurements were made) and that seawater carbonate chemistry should be reported in mole per kg of seawater instead of mole per liter of seawater. Other technical recommendations are provided by Pesant et al. (2010) .
Some geographical areas have received much more attention than others. It seems essential that data on the response to ocean acidification be gathered in high latitude areas as well as in areas that exhibit naturally low pH, such as the North and Eastern Pacific and upwelling areas. Also more studies are necessary to investigate the combined effects of changes in the carbonate chemistry and changes of other variables such as temperature, irradiance, concentration of nutrients. Some taxonomic groups are rather poorly studied including species of commercial interest such as fish, crustaceans and echinoderms.
